Abstract-This paper presents a galvanic isolated multi output AC/DC topology that is suitable for Microbial electrosynthesis (MES) based Power to Methane energy storage systems. The presented scheme utilizes a three phase back to back converters, a single-input and multiple-output three phase transformer, single diode rectifiers and buck converters that employ a proper interconnection between MES cells and the mains. The proposed topology merges all the required single phase AC/DC converters as a unified converter which reduces the overall system size and provides system integrity and overall controllability. The proposed control scheme allows to achieve the following desired goals:1) Simultaneous control of all cells; 2) Absorbing power from the grid and covert to methane when the electricity price goes down; 3) the power factor and the quality of grid current is under control; 4) Supplying MES cells at the optimal operating point. For verification of system performance, Real time simulation results that are obtained from a 10-kW MES energy storage are presented.
I. INTRODUCTION
According to European mapping renewable energy pathways, renewable resources mainly solar and wind plants should provide 20 percent of EU's overall energy until 2020 [1] . However, these resources are unstable and intermittent [2] .To keep the grid supply and demand in balance, sometimes negative prices encourage producers to either shut power stations or else pay consumers to take the extra electricity off the network. Therefore, long-term and large capacity electricity storage is required, as well as reserve production capacity. The Power-to-Gas (P2G) especially Power-to-Methane technology might contribute to tackle this issue [3] . The P2G process links the power grid with the gas grid by converting surplus power into a grid-compatible gas. The position of P2G plants for handling high shares of renewable energies has been discussed [4, 5, 6] .
A large number of later studies related Power-to-Methane have discussed about different technologies to convert wastewater and electricity to Methane and clean water using Microbial electrosynthesis (MES) cells [7] [8] .
Recent developments in MES technology solved several constraints, which were essential for the development of a MES-based P2G. These improvements make the MES more realistic and therefore requires the development of a process control system. In current technology, every MES cell should be supplied with DC voltage around 1V and consume around 20 mA. However, in power system studies, the MES is considered as a block box of storage with high capacity [9, 10, 11] . Therefore, the low capacity of MES cell is the big challenge for using this type of electricity storage in power system. As an example, a half million MES cells should be connected in series and parallel for achieving a 10kW storage.
In this paper, designing a 10kW controllable AC/DC converter to connect three-phase AC gird to MES storage is addressed. Supplying series MESs with equal voltage and tracking the maximum methane production should be performed by an AC/DC converter. The proposed converter supplies about a half million MESs. PWM rectifier is employed in the input stage to deliver fixed DC voltage to the output stage. The output stage is a unified three phase DC/DC converter which provides 210 separate DC voltages for blocks of MES cells.
This paper is organized as follows. In Sections II and III, MES modelling and the description of the proposed topology scheme are presented. In Section IV the simulation results that permits to analyze the performance of the proposed controller are presented. Likewise, the experimental performance is analyzed through real time simulator in Section V. Finally, the conclusions that arise from this work are presented in Section VI.
II. MODELLING OF MES AND VOLTAGE BALANCING BETWEEN CELLS IN A STACK
MES cells has been used to efficiently store electrical energy as a methane. Methane gas can be produced the cathode of MES, however, is not spontaneous [ 12 -13 ] . The voltage produced by electrogenic bacteria on the anode is not sufficient to evolve methane gas. By applying a small voltage, methane gas can be produced using MESs at very high energy efficiencies evaluated in terms of just electrical energy alone (200-400%) or both electrical energy and substrate heat of combustion energy (82%) [14] . Therefore, MES cells produce methane electrochemically through carbon dioxide reduction by the reaction
The produced methane can be transferred to natural gas distribution utility and there is not any difficulty related gas storage.
The characteristic curves of a typical MES include the relationship between the amount of produced methane and voltage across the cell, and the relationship between current and voltage across the cell are shown in Fig. 1 [15-16-17] . As it can be seen from curves, the current and methane are almost zero for voltage below E0, and they increase linearly after E0.
According The results shown in Fig. 1 are related to the steady state. In the transient state, MES cell behaves very slowly, and increasing current and methane from zero to nominal values, may require several hours to several days.
Until now, some research works have been proposed a passive model based on resistor, capacitor and DC source for Microbial Fuel Cells (MFCs) [18] [19] . However, these models are not applicable for MES because 1) MES is a passive unidirectional element, but the previous models are bidirectional; 2) capacitor parallel with resistor cannot model correctly startup, and changing operation mode from open circuit mode and feeding with nominal voltage. This paper proposes a new model for MES cell according to Fig. 2 . This model becomes unidirectional with diode D1 , Rc and Ec are chosen based slop of I-V curve as shown in Fig.1 , and Lc is selected based on the time constant of MES cell. Diode D2 is paralleled with Lc as a freewheeling diode to provide a path for release of stored energy while voltage drops to zero. This model with D2 is able to model the memory effect of MES cell while its working mode is changed.
The equivalent resistance in MES model can be expressed as follows:
And, the equivalent inductor can be found from MES time constant c:
,
Two level grid tied converter MES cells In Fig. 3 , a two-level three-phase voltage source converter is involved to link grid to MES system, where many cells are in series at DC link and VDC are divided between them. The main drawback of this topology is that many cells have to be connected in series to obtain the desired voltage, therefore: 1) there is no grantee to divide DC link voltage equal between cells in series. Some passive components, such as resistors or capacitors, can be placed across groups of cells to satisfy equal voltage dividing. Energy dissipation in the case of using parallel resistance and slow response in the case of using capacitor parallel with cells can happen, 2) The impossibility of future development, 3) Lack of reliability due to connecting cells in series, 4) Unable to hot swap, 5) Low reliability, low protection against faults, weak expandability and modularity are the disadvantages of this topology, 6) Any faulty and open looped cell inhibits power consumption from the entire seriesconnected string of cells. If bypass diodes are used, then the fraction of energy that can be transferred to the cells but this branch does not operate in optimum working point, 7) It is very hard to identify the global maximum optimum point (MOP) for a branch with many series-connected cells because multiple local MPPs exist. Fig. 4 depicts a typical topology to supply every MES block with individual AC/DC converter. Every AC/DC stage consists of diode rectifier, power factor correction (PFC) and DC/DC converter. This one does have the disadvantaged's two level voltage source converter but it suffers from using many semiconductors and passive components and also the poor input current quality. The other drawback of multi stage topology in 
where Kp, Ki, o and c are the proportional gain, the resonant gain, the resonant frequency and the resonant bandwidth, respectively. The tuning procedure for the PR controller parameters of grid-connected converter is the one described in [21] . Rectifier always keeps DC bus voltage under control and fixes VDC around nominal voltage (VDC in this paper). For controlling the proposed topology, the inverter bridge in output stage is only switched in the case of reducing electricity price to convert electricity to methane. With switching of output inverter, the voltage is applied to the transformer and the single phase diode rectifiers are energized. The output voltage of diode rectifiers change around specific values and are not completely under control. A DC/DC buck converter is used between diode rectifier and MES block. By this proposal, every MES block is fed individually. The block diagram of buck converter control scheme is shown in Fig. 7 . Once the input voltage of buck converter reaches the threshold voltage (Vthreshold in Fig. 7 ), the buck converter will start to work and feed the MES at the optimal operating point (OOP). 
V. SIMULATION RESULTS
To verify the feasibility of the proposed two-stage AC/DC converter, time-domain studies were conducted in the MATLAB/SimPowerSystems™ environment. The parameters of input stage and output stage are given in Table 1 .
In the simulation, it is supposed that the price of electricity reduces to zero between t=0.1s and t=0.25s. The obtained results are shown in Figs.6-8 . Fig. 8 shows that the DC link voltage is always fixed around 700V. When the output stage turns off, the rectifier only absorbs active power for compensating losses including switching losses and conduction losses. Once the output stage starts to work, the voltage of DC link reduces and then the rectifier absorbs active power from grid to keep DC link voltage under control. The active and reactive powers waveforms illustrate that the average value of reactive power exchanged with the grid is around zero and the active power exchanged with the grid changes corresponding to the output power. The MES cells are modelled with a resistor and, they consume constant power during the simulation time. The waveforms of the absorbed current from the grid (rectifier current) is shown in Fig. 9 , where it experiences an acceptable transient. Fig. 10 represents that THD (total harmonic distortions) of rectifier current is around 3.01% and it does not have low order harmonics such as the fifth and seventh harmonics.
The voltage and current of primary windings of the transformer are shown in Fig. 11 , where they change with a fast transient response and without any DC offset. Also, Fig. 11 illustrates the output voltage of one of the diode rectifiers, it can be seen that it has been fixed around 31V with a ripple voltage 6V peak -peak. While according to Fig. 8 , the output voltage of buck converter has been fixed at 24V. Fig. 9 . Simulation results. From up: capacitors voltages of LC filter ("V" in Fig.1 ), converter current ("i" in Fig.1 ). 
VI. REAL TIME SIMULATOR RESULTS
This paper uses OPAL-RT-OP4510 as a real-time simulator in order to verify the performance of the proposed AC/DC topology. The real-time simulators are one of the best tools to evaluate the advances in power switching devices and power electronics converters impact different industries, applications, and emerging technologies. Equipped with the latest generation of Intel Xeon four-core processors and a powerful Xilinx Kintex7 FPGA, the OP4510 delivers raw simulation power for both CPU-based real-time simulation and sub-microsecond time step power electronic simulation. This feature makes it possible to couple high-speed FPGA-based models, such as power converters and electric drives, to slower electrical and mechanical systems on the CPU, providing even more detailed simulations. Fig. 12 and Fig. 13 show the schematic and setup of implementation of proposed system in OPAL-RT. The hardware part includes switches, diodes, electrical components and voltage and current sensors is implemented in FPGA . The hardware part runs fast with sample time 875ns second. The control system is implemented in CPU part and runs slow with sample time 10 s. Due to the increase in the switching frequency, the time step of the RT model should be much smaller than the converter's switching time step. Typical CPU-based RT simulation can only achieve a minimum time step of Ts 10 s caused by the large bus latencies in a CPU. The OP4510 is also connected to an oscilloscope to monitor voltage, current and electrical power in real time. The values of voltages and currents are routed from the FPGA based model to the DAC channels directly. The parameters and other hardware data and control part are the same as the ones used in throughout the paper, listed also in Table I . Only, the switching frequency of inverter reduces from 24 kHz to 2 kHz due to the limited sample time of CPU in OPAL. Also, in MES block model, the values of Rc, Lc, En and Ec are set 4.8H, 4.8 , 24V and 14.4V, respectively. In real time simulator, three capacitors are placed in series with the primary winding of transformer to remove the dc component of currents and to prevent transformer saturation. Two cases have been selected in this validation stage, a startup of converter, where the price of electricity reduces to zero and a shutdown of converter in the case of incensement of electricity price. The results obtained in these tests are presented in Fig. 14  & Fig. 15 that show the transient performances of the two cases.
In start-up mode, 10 kW of active power are absorbed from the grid and the exchanged reactive power is zero. The dynamics of grid current is due to the inertia of the MES in the absorbing active power. As can be seen from the results, the DC bus voltage is regulated around its reference value (1000 V), and the DC current also changes rapidly at start-up. As it can be seen in the figure, the proposed PR controller offers a good response in front of sudden active power step, with minimal overshoot in current and short rise time. For the shutdown of converter, the results for input stage have the same transient response. In output stage, the output voltages of inverter and MES block voltage are shown in Fig. 14 & Fig. 15 . The results of this stage indicate that the inverter turns on and off immediately based electricity price, and subsequently the dc voltage appears at the input of the Buck converter. The Buck converter also feeds the MES block with a fixed voltage. Zoomed view of the three phase inverter output voltage is shown in Fig. 16 , the inverter is switched with square wave modulation method according to this figure. 
VII. CONCLUSIONS
The proposed two-stage AC/DC topology allows the supply of multiple MES blocks with desired voltage separately. This topology is suitable for power to methane plant. With the proposed control scheme, the topology can simultaneously supply MES blocks at the optimal operating point while drawing sinusoidal current (THD around 3%) with arbitrary power factor from the grid. The simulation results and also results of OPAL-RT real time simulator results confirm the effectiveness of the new topology.
